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16 Claims, 7 Drawing Sheets

126




U.S. Patent Feb. 4, 2014 Sheet 1 of 7 US 8,642,460 B2

100

LIS AL ELEENL LSS LS, LI LIS,
IS, AL E LN LS ELES, AL LIS
LIS EEREREREY) FEPEREY LI LIS,
IS, AL E SIS S LIS, AL LIS
“%& ////TQBUN/” s

/_ S, bt A NI LI LIS E LS, \-1 06
1 04 LIS LS LSS ESES, LI LIS,
IS, L LS LS ELES, AL LIS
LIS LS LSS ESES, LI LIS,
IS, L E L L LS ELES, AL LIS

A A A A A o
A o
//////////////////////////////////////////////////////////////////////////ﬁ-\‘1 02
A A A A
A A A A A o
A A A A
A A A A A o
A A A A
A A A A A o

FIG. 1

140

114b
114a 114c

IS, SRS IS,
IS, SN IS,
IS, ELLTIEIIEN PRRRIE IS,
IS, G IS,
c«c@;;;; /////,:Iiﬁg////// £, Ol
/_ T, A N S, \.1 06
1 o 4 IS, S IS,
IS, S IS,
IS, S IS,
IS, S S IS,

o
P
/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘/‘///////////////////////ﬁ\1 02
o

o
o
o
o
o

FIG. 2A



U.S. Patent Feb. 4, 2014 Sheet 2 of 7 US 8,642,460 B2

150
114b

116 114aE? 114c 118

160

114b
120 114a 114c 122

LTSS LSS LIRSS LTSS
LSS LS PP Ty LTSS
LTSS LR E Py By LTSS
LSS LS LS LTSS LTSS
ma%.;; /////ir%f///// it
/_ LSS LTS ey LTSS \‘1 06
1 04 LTSS LTSS LTSS LTSS
LSS LS LSS LSS LSS LTSS
LTSS LTSS LTSS LTSS
LSS LS LSS LSS LTSS

A
PP PP PP e
B P PP PP P PPy £ -\‘1 02
PP PP PP PP PP
A
PP PP PP PP PP
A
PP PP PP PP PP
A

FIG. 2C



U.S. Patent Feb. 4, 2014 Sheet 3 of 7 US 8,642,460 B2

114b
114a 114c

) /)

G e

A

A

EEE P A EEE P
EEE P CEEE PRy R EEE P
EEE P CETE PRy SRR EEE P
EEE P A EEE P
’%‘AL{% /////j/@ﬁ///// ittt L 1 06
/_ CE e A AL LA AL LS [ ——
1 04 EEE P CEE P EEE P
EEE P CEE P EEE P
EEE P CEE P EEE P
EEE P A EEE P

A
P
//////////////////////////////////////////////////////////////////////////ﬁ
A
A
A
A
A
A

FIG. 3

170

A A A
A A
A A
A A
A A

A A ] —— 1 26
A R Ar
A A
A A
A A
A A
A A
A A
A A
A A
S S
S S
S S
S S
%;; o

/_ R, g \_1 06
‘I 04 AL EEL A, AL EEL AL,
S S
S S
S SEVRYTIIIERYIYY i% S

./././././././././././././././././././////////////////////14‘1/4 e
e B, e
./././././././././././././././././././././././././././././././././././././././././././././././././././///////////////////////ﬁ\1 02
L
L T P
L
L T P
L
L T P

FIG. 4



U.S. Patent

207 £

Feb. 4, 2014 Sheet 4 of 7

US 8,642,460 B2

H A A B A A B B A \#A B 204

e R R R P P P P P P P P P P P e s
e R R R R R R R R R P P P P P P P P P P P P P i s
e R R R P P P P P P P P P P P e s
e R R R P P P P P P P P P P P P i sy

e R R R P P P P P P P P P P PP P P e s \202

e R R R R R R R R R P P P P P P P P P P P P P i s
e R R R P P P P P P P P P P P e s
e R R R R R R R R R P P P P P P P P P P P P P i s
e R R R P P P P P P P P P P P e s
e R R R R R R R R R P P P P P P P P P P P P P i s
e R R R P P P P P P P P P P P e s

FIG. 5

[ 206

——204

o
o
o
//////////////////////////////////////////////////////////////////////////’/79‘
o s
o
o
o
o
o
o

202

FIG. 6



U.S. Patent Feb. 4, 2014 Sheet 5 of 7 US 8,642,460 B2

208

207 . o A .
S S o

oo CE tadd et

o i o
B P S L
o s
B P S L
B i
B P S L
k B i

FIG. 7

—212

206

U ::HH:: R BT 204

EESSP PPt CLLE s CL s
BESP S CEL s CLEE s
207 EESSP PPt CLLE s CL s
BESPE PP CEL s CLE s ————
///////////////////////////////////////////////////////////////////////////lﬁ 202

e i i i i i i i it
e i i i it
e i i i i i i i it
e i i i it
e i i i i i i i it
& e i i i it

FIG. 8



U.S. Patent Feb. 4, 2014 Sheet 6 of 7 US 8,642,460 B2

240
220 218 222

r II:I:I:I:I:I |:|:|:|:|:|
|'|'|'|:|:|: I|'|'|'|'|})|
T —

//|'|'|"|'| '|':':'|'|'| 216
214 NN iy

AN :: N LTy
it 0 ] A
s A
2 O 7 < i A
s S

R R R R R PR R ////////////////////////{ﬁ\202
e R R R R e P R R R R R R R P P P P P P P P P P P i d e
e R R R R R R T R e e P P R R R R P P P P P P P P P P P P P P i e
7 R R R R R PR R 7 R R R P P P P P P P P P P P PR
R R R R Ry it A R R R R P P P P P P P P P P P PP

///////////////////////////////%4:b’/////////////////////////////////////
& e o R R R R R R R R R R (5 R R R R R R R P P P P P P P P P P P P P P P i e

FIG. 9

2147 i

i AL

2 0 7 2 P LSRR,
i AL
i

R ——
B P Py T SRy /‘//‘/‘/////////////////‘//‘/‘/‘//‘fﬁ 202
e g s
B ™ LY ity A3 o i i i i S PPy
/////‘/‘///////////‘///‘/‘/‘/g A
B PPy o o
\ B Ty o
B PP P s

FIG. 10



U.S. Patent Feb. 4, 2014 Sheet 7 of 7 US 8,642,460 B2

250

228 230

S iy S

S iy S

S iy S

S iy S

S iy S

S iy \\\\\\\\\\2})@ [ ————

S iy ko aate S 2 2 6
S iy S

S iy S

S iy S

S iy S

S iy S

S iy S

S iy S

S iy S

T A —— 224
e

NV ——206
! o 216
1 |H'||

214/ I':'IEEi'I'I E%\204

CEE e B
CEE e B
207 < CEE e B
CEE oo

o ///////////////////////////ﬁ\202
B e A P
B e A P e
o 4%//// //29’4 o
o i i T it it A

//////////////////////////////QgMb/////////////////////////////////////
\ T o

FIG. 11



US 8,642,460 B2

1
SEMICONDUCTOR SWITCHING DEVICE
AND METHOD OF MAKING THE SAME

FIELD OF THE INVENTION

The present invention generally relates to integrated circuit
design and fabrication. More particularly, the present inven-
tion relates to a semiconductor switching device and methods
of fabricating the semiconductor switching device.

BACKGROUND OF THE INVENTION

In electronics, a switch is an electrical component which
can connect or disconnect signals and communication paths
between electrical devices. A switch is an important element
in an integrated microelectronic system. Semiconductor
switches are typically obtained through circuit design or
microelectromechanical (MEM) design. U.S. Pat. No. 6,747,
583 to Tucholski et al. describes a switch circuit comprising a
compensating circuit with scaled current steering switches.

Due to their relatively low insertion loss and high isolation
value at high frequencies, MEM switches are useful for con-
trolling very high frequency lines, such as antenna feed lines
and switches operating above 1 GHz. In U.S. Pat. No. 6,667,
245to Chow et al., a MEM switch is fabricated for integration
into circuits utilizing typical CMOS processing steps. The
MEM switch device made with these steps is readily inte-
grable with other circuits.

However, the circuit design and MEM design both require
extra steps to integrate the switching device with the micro-
electronic system. This will increase the overall fabrication
cost of the microelectronic system. In addition, the switching
device made through the circuit design or the MEM design
also takes a significant chip area.

Accordingly, there exists a need for a switching device
which occupies a small chip area in an integrated circuit and
has low fabrication cost.

SUMMARY OF THE INVENTION

The present invention provides a switching device which
occupies a relatively small chip area in a microelectronic
system. In addition, the present invention also provides a
method for making such a switching device which minimizes
additional processing steps and allows easy implementation
of'the invention in a back end of the line (BEOL) interconnect
structure.

A first embodiment introduces a switching device. The
switching device includes a first dielectric layer having a first
top surface; two conductive features embedded in the first
dielectric layer, each conductive feature having a second top
surface that is substantially coplanar with the first top surface
of the first dielectric layer; and a set of discrete islands of a
low diffusion mobility metal on the first top surface of the first
dielectric layer and between the two conductive features.

A second embodiment introduces a switching device
including a first dielectric layer having a first top surface; two
conductive features embedded in the first dielectric layer,
each conductive feature having a second top surface that is
substantially coplanar with the first top surface of the first
dielectric layer; and a set of discrete islands of a low diffusion
mobility metal embedded in the first dielectric layer and
located between the two conductive features.

In both embodiments, the electric conductivity across the
two conductive features in the switching device increases
when a prescribed voltage is applied to the two conductive
features.
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A third embodiment introduces a method of forming a
switching device. The method includes providing a first
dielectric layer having two conductive features embedded
therein, the first dielectric layer having a first top surface that
is substantially coplanar with a second top surface of each of
the two conductive features; and forming a set of discrete
islands of a low diffusion mobility metal on the first top
surface of the first dielectric layer and between the two con-
ductive features.

A fourth embodiment introduces a method of forming a
switching device. The method includes providing a first
dielectric layer having discrete islands of a low diffusion
mobility metal embedded therein, wherein the first dielectric
layer comprises a first dielectric film and a second dielectric
film on the first dielectric film and the discrete islands of the
low diffusion mobility metal are directly on the first dielectric
film; forming two openings in the first dielectric layer, each of
the two openings extending through the second dielectric film
and partially through the first dielectric film; and forming two
conductive features in the first dielectric layer by filling the
two openings with a conductive material, wherein each of the
two conductive features has a second top surface substantially
coplanar with a first top surface of the first dielectric layer and
a set of the discrete islands of the low diffusion mobility metal
are between the two conductive features.

Other aspects and advantages of the present invention will
become apparent from the following detailed description,
taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the invention, and are incorporated
in and constitute a part of this specification. The drawings
illustrate embodiments of the invention and, together with the
description, serve to explain the principles of the invention.

FIGS. 1-4 are cross-sectional views that illustrate the
exemplary steps and corresponding structures of a method of
making a switching device, in accordance with embodiments
of the present invention.

FIGS. 5-11 are cross-sectional views that illustrate the
exemplary steps and corresponding structures of another
method of making a switching device, in accordance with
embodiments of the present invention.

It will be appreciated that for simplicity and clarity of
illustration, elements shown in the drawings have not neces-
sarily been drawn to scale. For example, the dimensions of
some of the elements may be exaggerated relative to other
elements for purpose of clarity.

DETAILED DESCRIPTION OF THE INVENTION

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings in
which preferred embodiments of the invention are shown.
This invention may, however, be embodied in many different
forms and should not be construed as limited to the illustrated
embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will fully convey the scope of the invention to those
skilled in the art. Like numerals refer to like features through-
out.

When an element, such as a layer, is referred to as being
“on” or “over” another element, it can be directly on the other
element or intervening elements may also be present. In con-
trast, when an element is referred to as being “directly on” or
“directly over” another element, there are no intervening
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elements present. In addition, when an element, such as a
surface is referred to as being “in direct contact” with another
element, it directly touches the other element. On the other
hand, when an element is referred to as being “in electrical
contact” with another element, it can directly touch the other
element, or there may be intervening conductive elements
between them. Furthermore, the term “surface” is used to
include surfaces with topography which is not completely
flat.

The present invention provides a switching device which
occupies a small chip area in an integrated circuit. In addition,
the proposed structure and method of the preferred embodi-
ments minimizes additional processing steps and allows easy
implementation of the invention in a BEOL interconnect
structure. The switching device includes a first dielectric
layer having a first top surface, two conductive features
embedded in the first dielectric layer, each conductive feature
having a second top surface that is substantially coplanar with
the first top surface of the first dielectric layer, and a set of
discrete islands of a low diffusion mobility metal between the
two conductive features.

In one preferred embodiment, the discrete islands of the
low diftfusion mobility metal are on the first top surface of the
first dielectric layer. Referring now to FIG. 1, there is shown
an initial interconnect structure 100. The initial interconnect
structure 100 includes a first dielectric layer 102 and at least
two conductive features 104 and 106. Conductive features
104 and 106 are embedded in the first dielectric layer 102 and
separated by the dielectric material which forms the first
dielectric layer 102. The first dielectric layer 102 has a first
top surface 108 which is between the two conductive features
104 and 106. The two conductive features 104 and 106 each
have a second top surface (110 and 112 respectively). In one
embodiment, the first top surface 108 is substantially copla-
nar with the second top surfaces 110 and 112. The initial
interconnect structure 100 may be located above a semicon-
ductor substrate (not shown) including one or more semicon-
ductor devices. Optionally, the initial interconnect structure
100 may further include a diffusion barrier layer (not shown)
which separates the conductive features 104 and 106 from the
first dielectric layer 102. The diffusion barrier layer is
described below.

The initial structure 100 maybe made by conventional
techniques well known to those skilled in the art. For
example, the initial interconnect structure 100 can be formed
by first applying the first dielectric layer 102 to a surface of a
substrate (not shown). The substrate may be a semiconduct-
ing material, an insulating material, a conducting material or
a combination of two or more of the foregoing materials.
When the substrate is comprised of a semiconducting mate-
rial, a semiconductor material such as Si, SiGe, SiGeC, SiC,
Ge alloys, GaAs, InAs, InP or other group III/V or II/VI
semiconductor materials may be used. In addition to these
listed types of semiconducting materials, the present inven-
tion also contemplates cases in which the substrate is a lay-
ered semiconductor such as, for example, Si/SiGe, Si/SiC,
silicon-on-insulators (SOIs) or silicon germanium-on-insula-
tors (SGOIs). When the substrate is a semiconducting mate-
rial, one or more semiconductor devices such as, for example,
complementary metal oxide semiconductor (CMOS) devices
may be fabricated thereon.

When the substrate is an insulating material, the insulating
material can be an organic insulator (i.e., carbon-based
dielectric materials which do not contain Si), an inorganic
insulator (i.e., Si-based dielectric materials) or a combination
of an organic insulator and an inorganic insulator. The sub-
strate can be either single layer or multilayers.
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When the substrate is a conducting material, the substrate
may include, for example, polysilicon, an elemental metal, an
alloy of elemental metals, a metal silicide, a metal nitride or a
combination of two or more of the foregoing materials. The
substrate can be either single layer or multilayers.

The first dielectric layer 102 may be any interlevel or
intralevel dielectrics including inorganic dielectrics or
organic dielectrics. The first dielectric layer 102 may be
porous or non-porous. Examples of suitable dielectrics that
can be used as the first dielectric layer 102 include, but are not
limited to, Si0,, silsesquioxanes, C doped oxides (i.e., orga-
nosilicates) that include atoms of Si, C, O and H, thermoset-
ting polyarylene ethers, or multilayers thereof. The term “pol-
yarylene” is used in this application to denote aryl moieties or
substituted aryl moieties which are linked together by bonds,
fused rings, or inert linking groups such as, for example,
oxygen, sulfur, sulfone, sulfoxide, carbonyl and the like.

Preferably, the first dielectric layer 102 has a dielectric
constant of about 4.0 or less. More preferably, the first dielec-
tric layer 102 has a dielectric constant of about 2.8 or less.
These dielectrics generally have a lower parasitic crosstalk as
compared with dielectric materials that have a dielectric con-
stant higher than 4.0. The dielectric constants mentioned
herein are measured in a vacuum.

The thickness of the first dielectric layer 102 may vary
depending on the dielectric material used as well as the exact
number of dielectric films within the initial interconnects
structure 100. Typically, and for normal interconnect struc-
tures, the first dielectric layer 102 has a thickness from about
100 nm to about 450 nm.

The conductive features 104 and 106 may be formed by
lithography. For example, a photoresist layer is applied to the
surface of the first dielectric layer 102. The photoresist layer
is exposed to a desired pattern of radiation. The exposed
photoresist layer is developed utilizing a resist developer. The
patterned photoresist layer is used as an etch mask to transfer
the pattern into the first dielectric layer 102. The etched region
of'the first dielectric layer 102 is then filled with a conductive
material to form the conductive features 104 and 106.

The conductive features 104 and 106 include, but are not
limited to, a conductive metal, an alloy of two or more con-
ductive metals, a conductive metal silicide or a combination
of two or more of the foregoing materials. Preferably, the
conductive features 104 and 106 are a conductive metal such
as Cu, Al, W, Ag, Ti, Ta or their alloys. More preferably, the
conductive features 104 and 106 are Cu or a Cu alloy (such as
A1Cu). The conductive material is filled into the etched
region of the first dielectric layer 102 using a conventional
deposition process including, but not limited to, chemical
vapor deposition (CVD), plasma enhanced chemical vapor
deposition (PECVD), sputtering, chemical solution deposi-
tion or plating to form the conductive features 104 and 106.
After deposition, a conventional planarization process such
as, for example, chemical mechanical polishing (CMP) can
beused to provide a structure in which the conductive features
104 and 106 have top surfaces 110 and 112 that are substan-
tially coplanar with the top surface 108 of the first dielectric
layer 102.

The conductive features 104 and 106 are preferably sepa-
rated from the first dielectric layer 102 by a diffusion barrier
layer (not shown). The diffusion barrier layer may include,
butis not limited to, Ta, TaN, Ti, TiN, Ru, RuN, RuTa, RuTaN,
W, WN, Co, CoW, Mn, MnO, combinations of two or more of
the foregoing materials or any other material that can serve as
a barrier to prevent a conductive material from diffusing into
a dielectric material layer. The diffusion barrier layer may be
formed by a deposition process such as, for example, atomic
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layer deposition (ALD), CVD, PECVD, physical vapor depo-
sition (PVD), sputtering, chemical solution deposition, or
plating. The diffusion barrier layer may also include a bilayer
structure that includes a lower layer of a metallic nitride such
as, for example, TaN and an upper metallic layer such as, for
example, Ta.

The thickness of the diffusion barrier layer may vary
depending on the exact means of the deposition process as
well as the material employed. Typically, the diffusion barrier
layer has a thickness from about 2 nm to about 40 nm, with a
thickness from about 4 nm to about 20 nm being more typical.
During the planarization process described above, the diffu-
sion barrier layer may also be planarized such that the diffu-
sion barrier layer is also substantially coplanar with the first
dielectric layer 102 and the conductive features 104 and 106
in the initial interconnect structure 100.

After forming the at least two conductive features 104 and
106 within the first dielectric layer 102, a set of discrete
islands (114a-c) of a low diffusion mobility metal are formed
on the first top surface 108 to form a switching device 140
(FIG. 2A). In the switching device 140, the discrete islands
1144a-care located between the two conductive features 104
and 106. In one preferred embodiment, the discrete islands
114a-care in direct contact with the first top surface 108. The
low diffusion mobility metal that forms the discrete islands
114a-cpreferably has a value of diffusivity less than 107'°
m?/s in the first dielectric layer 102. Low diffusion mobility
metals that can be used to form the discrete islands in the
present invention include, but are not limited to, Ru, Rh, Pd,
Ag, Os, Ir, Pt, Au, Co, Ta, Ti, Mn, W, and alloys comprising at
least one of the foregoing metals.

The discrete islands 114a-cmay be formed by a number of
deposition techniques, including CVD, ALD, electroless
plating and electroplating. The thickness of the discrete
islands 114a-cmay vary depending on the type of material
used for the discrete islands and the deposition technique and
conditions. In addition, the discrete islands 114a-cmay have
different thicknesses. Typically, the discrete islands 114a-
chave a thickness from about 1 A to about 20 A, with a
thickness from about 2 A to about 5 Abeing more typical. The
discrete islands 114a-care typically separated by a distance
from about 0.5 nm to about 20 nm, with a distance from about
1 nm to about 10 nm being more typical. In some embodi-
ments, the distance between the two neighboring islands may
be non-uniform. For example, the distance between islands
114a and 1145 may be different from the distance between
islands 1145 and 114c.

In the switching device 140 as shown in FIG. 2A, the
electric conductivity across the two conductive features 104
and 106 is initially low and the switching device is in “off”
state. When a prescribed voltage is applied to the two con-
ductive features 104 and 106, the electric conductivity across
the two conductive features increases such that the switching
device becomes “on”. The increase in electric conductivity
may be due to a temporary dielectric breakdown between two
adjacent conductors at a high electrical bias condition. In one
preferred embodiment, the electric conductivity across the
two conductive features 104 and 106 increases by more than
three orders of magnitudes when a prescribed voltage is
applied. In one embodiment, the prescribed voltage is 3V or
greater.

Coatings of the low diffusion mobility metal may also form
on the two conductive features 104 and 106 during the for-
mation of the discrete islands 114a-c. In one embodiment,
continuous coatings 116 and 118 of the low diffusion mobil-
ity metal are formed on the two conductive features 104 and
106 respectively (FIG. 2B). In another embodiment, discon-
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6

tinuous coatings 120 and 122 of the low diffusion mobility
metal are formed on the two conductive features 104 and 106
respectively (FI1G. 2C). The existence of these coatings on the
two conductive features does not significantly affect the prop-
erties of the resulting devices. Both devices 150 and 160 with
the coatings of the low diffusion mobility metal on the two
conductive features 104 and 106 behave as switching devices,
similar as the device 140.

In FIG. 3, a dielectric cap layer 124 is formed directly on
the first top surface 108 and the second top surfaces 110 and
112. The dielectric cap layer 124 is formed by a conventional
deposition process such as, for example, CVD, PECVD,
chemical solution deposition, or evaporation. The dielectric
cap layer 124 may be any suitable dielectric capping material
including, but not limited to, SiC, Si,NH;, SiO,, a carbon
doped oxide, a nitrogen and hydrogen doped silicon carbide
(SiC(N,H)), or multilayers thereof. The thickness of the
dielectric cap layer 124 may vary depending on the exact
means of the deposition process as well as the material
employed. Typically, the dielectric cap layer 124 has a thick-
ness from about 5 nm to about 80 nm, with a thickness from
about 10 nm to about 50 nm being more typical. Preferably,
the dielectric cap layer 124 is thicker than the discrete islands
1144a-csuch that the discrete islands 114a-care embedded in
the dielectric cap layer 124.

In FIG. 4, a second dielectric layer 126 is formed on the
dielectric cap layer 124. All dielectric materials suitable for
the first dielectric layer 102 as described above may be used
to form the second dielectric layer 126. The second dielectric
layer 126 may be the same or different material as the first
dielectric layer 102. Typically, the second dielectric layer 126
has a thickness from about 100 nm to about 450 nm.

After the second dielectric layer 126 is formed, two con-
ductive features 128 and 130 are formed in the second dielec-
tric layer 126 to form a switching device 170. As shown in
FIG. 4, the conductive features 128 and 130 extend through
both the second dielectric layer 126 and the dielectric cap
layer 124 and are in electrical contact with the two conductive
features 104 and 106 in the first dielectric layer 102 respec-
tively. The switching device 170 may be operated by applying
a prescribed voltage to the conductive features 128 and 130.
When a prescribed voltage is applied to the two conductive
features 128 and 130, the electric conductivity across the two
conductive features increases, similar to the switching device
140. The conductive features 128 and 130 may have single
damascene or dual damascene structures.

The two conductive features 128 and 130 may be formed
by lithography, similar to the conductive features 104 and
106. The conductive features 128 and 130 include, but are not
limited to, a conductive metal, an alloy of two or more con-
ductive metals, a conductive metal silicide or a combination
of two or more of the foregoing materials. Preferably, the
conductive features 128 and 130 are a conductive metal such
as Cu, Al, W, Ag, Ti, Ta or their alloys. More preferably, the
conductive features 128 and 130 are Cu or a Cu alloy (such as
AlCu). The conductive features 128 and 130 may be formed
by CVD, PECVD, sputtering, chemical solution deposition
or plating. After deposition, a conventional planarization pro-
cess such as, for example, CMP can be used to provide a
structure in which the conductive features 128 and 130 have
top surfaces that are substantially coplanar with the top sur-
face of the second dielectric layer 126.

The conductive features 128 and 130 are preferably sepa-
rated from the second dielectric layer 126 and the dielectric
cap layer 124 by a diffusion barrier layer (not shown). The
diffusion barrier layer may include, but is not limited to, Ta,
TaN, Ti, TiN, Ru, RuN, RuTa, RuTaN, W, WN, Co, CoW, Mn,
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MnO, combinations of two or more of the foregoing materials
or any other material that can serve as a barrier to prevent a
conductive material from diffusing into a dielectric material
layer. The diffusion barrier layer may be formed by a depo-
sition process such as, for example, ALD, CVD, PECVD,
PVD, sputtering, chemical solution deposition, or plating.
The diffusion barrier layer may also include a bilayer struc-
ture that includes a lower layer of a metallic nitride such as,
for example, TaN and an upper metallic layer such as, for
example, Ta. Typically, the diffusion barrier layer has a thick-
ness from about 2 nm to about 40 nm, with a thickness from
about 4 nm to about 20 nm being more typical.

In another preferred embodiment, the discrete islands of
the low diffusion mobility metal in the switching device of the
present invention are embedded in the first dielectric layer.
Referring to FIGS. 5-6, discrete islands of a low diffusion
mobility metal 204 are first formed directly on a first dielec-
tric film 202. A second dielectric film 206 is then formed on
the first dielectric film 202. The first and second dielectric
films 202 and 206 form a first dielectric layer 207. As shown
in FIG. 6, the discrete islands 204 now are embedded in the
first dielectric layer 207. The first dielectric film 202 may be
located above a semiconductor substrate (not shown) includ-
ing one or more semiconductor devices.

The first and second dielectric films 202 and 206 may be
formed from the dielectric materials suitable for the first
dielectric layer 102, as described above. The first and second
dielectric films 202 and 206 may be formed from the same or
different dielectric materials. Typically, the first and second
dielectric films 202 and 206 have a thickness from about 50
nm to about 250 nm. The first and second dielectric films 202
and 206 may have different thicknesses. The first dielectric
layer 207 may have a thickness from about 100 nm to about
450 nm.

The discrete islands 204 may be formed from the materials
suitable for the discrete islands 114a-c, as described above.
The low diffusion mobility metal that forms the discrete
islands 204 preferably has a value of diffusivity less than
107° m*/s in the first dielectric layer 207. Low diffusion
mobility metals that can be used to form the discrete islands in
the present invention include, but are not limited to, Ru, Rh,
Pd, Ag, Os, Ir, Pt, Au, Co, Ta, Ti, Mn, W, and alloys compris-
ing at least one of the foregoing metals.

Similarly, the discrete islands 204 may be formed by the
deposition techniques used to form the discrete islands 114a-
¢, including CVD, ALD, electroless plating and electroplat-
ing. The thickness of the discrete islands 204 may vary
depending on the type of material used for the discrete islands
and the deposition technique and conditions. In addition, the
discrete islands 204 may have different thicknesses. Typi-
cally, the discrete islands 204 have a thickness from about 1 A
to about 20 A, with a thickness from about 2 A to about 5 A
being more typical. The discrete islands 204 are typically
separated by a distance from about 0.5 nm to about 20 nm,
with a distance from about 1 nm to about 10 nm being more
typical. In some embodiments, the distance between the two
neighboring islands may be non-uniform.

In FIG. 7, two openings 208 and 210 are formed in the first
dielectric layer 207. The openings 208 and 210 extend
through the second dielectric film 206 and partially through
the first dielectric film 202. The openings 208 and 210 may be
formed by lithography. For example, a photoresist layer is
applied to the surface of the first dielectric layer 207. The
photoresist layer is exposed to a desired pattern of radiation.
The exposed photoresist layer is developed utilizing a resist
developer. The patterned photoresist layer is used as an etch
mask to transfer the pattern into the first dielectric layer 207.
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In FIG. 8, the two openings 208 and 210 are filled with a
conductive material 212. After deposition, a conventional
planarization process such as, for example, CMP is used to
provide a switching device 240, as shown in FIG. 9. In the
device 240, the two conductive features 214 and 216 have top
surfaces 220 and 222 respectively that are substantially copla-
nar with a top surface 218 of the first dielectric layer 207.

The conductive material 212 may be the same material for
the conductive features 104 and 106, as described above.
Preferably, the conductive material 212 is a conductive metal
such as Cu, Al, W, Ag, Ti, Ta or their alloys. More preferably,
the conductive material 212 is Cu or a Cu alloy (such as
A1Cu). The conductive material 212 is filled using a conven-
tional deposition process including, but not limited to, CVD,
PECVD, sputtering, chemical solution deposition or plating.

The conductive features 220 and 222 are preferably sepa-
rated from the first dielectric layer 207 by a diffusion barrier
layer (not shown). The diffusion barrier layer may include,
butis not limited to, Ta, TaN, Ti, TiN, Ru, RuN, RuTa, RuTaN,
W, WN, Co, CoW, Mn, MnO, combinations of two or more of
the foregoing materials or any other material that can serve as
a barrier to prevent a conductive material from diffusing into
a dielectric material layer. The diffusion barrier layer may be
formed by a deposition process such as, ALD, CVD, PECVD,
PVD, sputtering, chemical solution deposition, or plating.
The diffusion barrier layer may also include a bilayer struc-
ture that includes a lower layer of a metallic nitride such as,
for example, TaN and an upper metallic layer such as, for
example, Ta.

Typically, the diffusion barrier layer has a thickness from
about 2 nm to about 40 nm, with a thickness from about 4 nm
to about 20 nm being more typical. During the planarization
process described above, the diffusion barrier layer may also
be planarized such that the diffusion barrier layer is also
substantially coplanar with the first dielectric layer 207 and
the conductive features 220 and 222 in the switching device
240.

In the switching device 240, a set of the discrete islands
(204a-c) are between the two conductive features 220 and
222. The electric conductivity across the two conductive fea-
tures 220 and 222 is initially low and the switching device is
in “off” state. When a prescribed voltage is applied to the two
conductive features 220 and 222, the electric conductivity
across the two conductive features increases such that the
switching device becomes “on”. In one preferred embodi-
ment, the electric conductivity across the two conductive
features 220 and 222 increases by more than three orders of
magnitudes when a prescribed voltage is applied. In one
embodiment, the prescribed voltage is 3V or greater.

In FIG. 10, a dielectric cap layer 224 is formed directly on
the first top surface 218 and the second top surfaces 220 and
222. The dielectric cap layer 224 is formed by the same
process and from the same materials suitable for the dielectric
cap layer 124, as described above. The thickness of the dielec-
tric cap layer 224 may vary depending on the exact means of
the deposition process as well as the material employed.
Typically, the dielectric cap layer 224 has a thickness from
about 5 nm to about 80 nm, with a thickness from about 10nm
to about 50 nm being more typical.

In FIG. 11, a second dielectric layer 226 is formed on the
dielectric cap layer 224. All dielectric materials suitable for
the first dielectric layer 102 as described above may be used
to form the second dielectric layer 226. The second dielectric
layer 226 may be the same or different material as the first
dielectric film 202 or the second dielectric film 206. Typi-
cally, the second dielectric layer 226 has a thickness from
about 100 nm to about 450 nm.
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After the second dielectric layer 226 is formed, two con-
ductive features 228 and 230 are then formed in the second
dielectric layer 226 to form a switching device 250. The
conductive features 228 and 230 extend through both the
second dielectric layer 226 and the dielectric cap layer 224
and are in electrical contact with the two conductive features
214 and 216 in the first dielectric layer 207 respectively. The
switching device 250 may be operated by applying a pre-
scribed voltage to the conductive features 228 and 230. When
aprescribed voltage is applied to the two conductive features
228 and 230, the electric conductivity across the two conduc-
tive features increases, similar to the switching device 240.
The conductive features 228 and 230 may have single dama-
scene or dual damascene structures.

The two conductive features 228 and 230 may be formed
by lithography, similar to the conductive features 104 and
106. All materials suitable for the conductive features 104 and
16 as described above can be used to form the conductive
features 228 and 230. The conductive features 228 and 230
may be formed by CVD, PECVD, sputtering, chemical solu-
tion deposition or plating. After deposition, a conventional
planarization process such as, for example, CMP can be used
to provide a structure in which the conductive features 228
and 230 have top surfaces that are substantially coplanar with
the top surface of the second dielectric layer 226.

The conductive features 228 and 230 are preferably sepa-
rated from the second dielectric layer 226 and the dielectric
cap layer 224 by a diffusion barrier layer (not shown). The
diffusion barrier layer may include, but is not limited to, Ta,
TaN, Ti, TiN, Ru, RuN, RuTa, RuTaN, W, WN, Co, CoW, Mn,
MnO, combinations of two or more of the foregoing materials
or any other material that can serve as a barrier to prevent a
conductive material from diffusing into a dielectric material
layer. The diffusion barrier layer may be formed by a depo-
sition process such as, for example, ALD, CVD, PECVD,
PVD, sputtering, chemical solution deposition, or plating.
The diffusion barrier layer may also include a bilayer struc-
ture that includes a lower layer of a metallic nitride such as,
for example, TaN and an upper metallic layer such as, for
example, Ta. Typically, the diffusion barrier layer has a thick-
ness from about 2 nm to about 40 nm, with a thickness from
about 4 nm to about 20 nm being more typical.

While the present invention has been particularly shown
and described with respect to preferred embodiments, it will
beunderstood by those skilled in the art that the foregoing and
other changes in forms and details may be made without
departing from the spirit and scope of the invention. It is
therefore intended that the present invention not be limited to
the exact forms and details described and illustrated but fall
within the scope of the appended claims.

What is claimed is:

1. A switching device comprising:

a first dielectric layer having a first top surface;

two conductive features embedded in the first dielectric
layer, each conductive feature having a second top sur-
face that is substantially coplanar with the first top sur-
face of the first dielectric layer; and

a set of discrete islands of a low diffusion mobility metal
embedded in the first dielectric layer and located
between the two conductive features, wherein the elec-
tric conductivity across the two conductive features
increases when a prescribed voltage is applied to the two
conductive features.

2. The switching device of claim 1, wherein the first dielec-

tric layer comprises at least two dielectric films.

20

25

30

35

40

45

50

55

60

65

10

3. The switching device of claim 1, wherein the low diffu-
sion mobility metal has a value of diffusivity less than 10~*°
m?/s in the first dielectric layer.

4. The switching device of claim 3, wherein the low diffu-
sion mobility metal is selected from the group consisting of
Ru, Rh, Pd, Ag, Os, Ir, Pt, Au, Co, Ta, Ti, Mn, W, and alloys
comprising at least one of the foregoing metals.

5. The switching device of claim 1, wherein the discrete
islands of the low diffusion mobility metal have a thickness
from about 1 A to about 20 A.

6. The switching device of claim 1, wherein the discrete
islands of the low diffusion mobility metal are separated by a
distance from about 0.5 nm to about 20 nm.

7. The switching device of claim 1, wherein the two con-
ductive features are selected from the group consisting of Cu,
Al, W, Ag, Ti, Ta and alloys comprising at least one of the
foregoing metals.

8. The switching device of claim 1, further comprising:

adielectric cap layer directly on the first top surface and the
second top surface.

9. The switching device of claim 8, further comprising:

a second dielectric layer having two conductive features
embedded therein on the dielectric cap layer, wherein
each of the two conductive features in the second dielec-
tric layer is in electrical contact with one of the two
conductive features in the first dielectric layer.

10. A method of forming a switching device comprising:

providing a first dielectric layer having discrete islands of
a low diffusion mobility metal embedded therein,
wherein the first dielectric layer comprises a first dielec-
tric film and a second dielectric film on the first dielectric
film and the discrete islands of the low diffusion mobil-
ity metal are directly on the first dielectric film;

forming two openings in the first dielectric layer, each of
the two openings extending through the second dielec-
tric film and partially through the first dielectric film;
and

forming two conductive features in the first dielectric layer
by filling the two openings with a conductive material,
wherein each of the two conductive features has a sec-
ond top surface substantially coplanar with a first top
surface of the first dielectric layer and a set of the dis-
crete islands of the low diffusion mobility metal are
between the two conductive features, wherein the elec-
tric conductivity across the two conductive features
increases when a prescribed voltage is applied to the two
conductive features.

11. The method of claim 10, wherein the low diffusion
mobility metal is selected from the group consisting of Ru,
Rh, Pd, Ag, Os, Ir, Pt, Au, Co, Ta, Ti, Mn, W, and alloys
comprising at least one of the foregoing metals.

12. The method of claim 10, wherein the discrete islands of
the low diffusion mobility metal are formed by chemical
vapor deposition (CVD), atomic layer deposition (ALD),
electroless plating or electroplating.

13. The method of claim 10, wherein the discrete islands of
the low diffusion mobility metal have a thickness from about
1 A to about 20 A.

14. The method of claim 10, wherein the discrete islands of
the low diffusion mobility metal are separated by a distance
from about 0.5 nm to about 20 nm.

15. The method of claim 10, further comprising:

forming a dielectric cap layer directly on the first top sur-
face and the second top surface.

16. The method of claim 10, further comprising:

forming a second dielectric layer having two conductive
features embedded therein on the dielectric cap layer,
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wherein each of the two conductive features in the sec-
ond dielectric layer is in electrical contact with one of the
two conductive features in the first dielectric layer.
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